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INTRODUCTION 
i n  s u r f a c e  chemistry and c a t a l y s i s  has  been growing a t  an eve r - inc reas ing  r a t e .  
mOSt  popular  technique has  been i n f r a r e d  fol lowed by n u c l e a r  magnetic resonance and 
e l e c t r o n  sp in  resonance. 

I n  r e c e n t  y e a r s  t h e  a p p l i c a t i o n  of  spec t roscop ic  t echn iques  t o  problems 
The 

I n f r a r e d  techniques a r e  most u s e f u l  i n  s u r f a c e  f u n c t i o n a l  group i d e n t i f i c a -  
t i o n  and (through the  u s e  of adsorbed molecules  a s  probes)  i n  s tudy ing  t h e  n a t u r e  of  
t h e  active si tes f o r  a d s o r p t i o n  and r e a c t i o n .  In  some c a s e s  i t  has  been p o s s i b l e  to 
o b t a i n  mechanis t ic  information concerning the  n a t u r e  of i n t e rmed ia t e s  i n  s imple 
r e a c t i o n s  such a s  t h e  decomposition of formic a c i d  over supported and unsupported 
metal  c a t a l y s t s  (1). 

As an i l l u s t r a t i v e  example of  t h e  u s e  of i n f r a r e d  techniques i n  s tudying t h e  
behavior  of s u r f a c e  f u n c t i o n a l  groups and t h e  u t i l i z a t i o n  of molecular  probes t o  
c h a r a c t e r i z e  a c t i v e  s u r f a c e  sites, a review of our  s t u d i e s  of t h e  s u r f a c e  of s i l i c a -  
alumina w i l l  be given.  
and ammonia -- a s  probes t o  c h a r a c t e r i z e  t h e  s u r f a c e  a c i d  sites. 

SURFACE GROUPS ON SILICA-ALUMINA I n  Fig.  1 t h e  spectrum of  a h igh ly  dehydrated s i l i c a -  
alumina (25 wt.% A120 ) is given. 
v i b r a t i o n  i n  s u r f a c e  tyd roxy l  groups.  The bands a t  1975, 1866 and 1633 cm-' a r e  over- 
t one  and combination l a t t i c e  v i b r a t i o n s  (2).  
which is due t o  an u n i d e n t i f i e d  s u r f a c e  group, p o s s i b l y  a s u r f a c e  impuri ty .  The 
3745 c m - l  band has been a s s igned  t o  t h e  OH s t r e t c h i n g  v i b r a t i o n  i n  hydroxyl groups 
a t t a c h e d  t o  s u r f a c e  s i l i c o n  atoms ( 2 ) .  This  assignment w a s  made on t h e  b a s i s  of s i m i -  
l a r i t i e s  i n  the  frequency,  band shape and o t h e r  p r o p e r t i e s  w i t h  t h e  s u r f a c e  hydroxyls 
on s i l i ca .  I t  has been confirmed by n u c l e a r  magnetic resonance measurements (3).  The 
p resence  of a s i n g l e  s u r f a c e  hydroxyl group type is r a t h e r  s u r p r i s i n g .  
workers (4) have observed t h r e e  t o  f i v e  OH s t r e t c h i n g  bands due t o  i s o l a t e d  (non- 
hydrogen bonded) s u r f a c e  hydroxyl groups on alumina, wh i l e  on ly  one band a t  3750 cm-l 
is observed on s i l i ca  (5).  The r e s u l t s  f o r  s i l i ca -a lumina  sugges t  t h a t  t h e r e  a r e  no 
a lumina - l ike  a r e a s  on t h e  s u r f a c e  o r  conve r se ly ,  that t h e  aluminum ions  are d i s t r i b u t e d  
evenly throughout t h e  l a t t i c e .  We have looked a t  o t h e r  commercial s i l i ca -a luminas  
(A1 O3 ,< 25 wt.%) and a l l  have on ly  a s i n g l e  s u r f a c e  hydroxyl t ype  ( a t t ached  t o  
su rgace  s i l i c o n  atoms) e Other  workers have made s i m i l a r  obse rva t ions  (6a)  however 
t h e r e  have been s e v e r a l  cases where t h e  p re sence  of a lumina-l ike s u r f a c e  hydroxyl 
groups have been r epor t ed  i n  a d d i t i o n  t o  t h e  s i l i c a - l i k e  groups (6b). 

SURFACE A C I D  SITES Use has  been made of ammonia a s  a molecular  probe t o  s tudy s u r f a c e  
a c i d i t y  on alumina and s i l i ca -a lumina  c a t a l y s t s  by a number o f  workers  (7).  
on the  o t h e r  hand has  on ly  been used i n  a few s t u d i e s  (8). Pyr id ine  o f f e r s  t he  advan- 
t age  t h a t  one can d i s t i n g u i s h  unequivocably between c o o r d i n a t e l y  bonded (LPY), pro- 
t ona ted  (BPY), and hydrogen bonded (HPY) adsorbed s p e c i e s  ( 8 ) .  The bands t h a t  a r e  
used i n  making t h e s e  d i s t i n c t i o n s  a r e  shown i n  Table I (6b). 

tiere, use  was made of n i t r o g e n  c o n t a i n i n g  molecules  -- pyr id ine  

The band a t  3745 cm" is  due t o  t h e  OH s r e t c h i n g  

There is a l s o  a weak band a t  1394 cm-' 

A number of 

Pyridine 
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TABLE I 

BAND POSITIONS FOR COORDINKCELY BONDED, PROTONATED 
AND HYDROGEN-BONDED PYRIDINE ADSORBED ON SILICA-ALUMINA* 

LPY HP 
Species Type (cm-1) 

8a ' vCC (N) 1620 1638 1614 
8b V C C  (N) 1577 1620 1593 
19a PCC(N) 1490 1490 1490 
19b V C C  (N) 1450 1545 1438 

*LPY = coordinately bonded pyridine (chemisorbed) 
BPY = protonated pyridine (chemisorbed) 
HPY = hydrogen bonded pyridine (physically adsorbed) 

Chemisorbed NH3 exhibits two bands that can be used to distinguish between the coor- 
dinately bonded and protpated species. 
(LNH3) and 1432 cm-' respectively (7, 9). However, the (physically adsorbed) 

some uncertainty in the estimation of Lewis/Bronsted acid site ratios (9). 

The position of these bands are at 1620 

hydrogen-bonded cannot be distinguished from LNH3 which introduces 

Figs. 2 and 3 are spectra of pyridine and ammonia adsorbed on silica-alumina. 
An expression for calculating the ratio of Lewis to Bronsted acid sites on the surface 
of silica-alumina using the 1490 and 1450 cm'l bands of LPY and BPY has been developed 
(10). 

w= A1450 ; A = peak absorbance 
P q  A1490-0-25 A1450 

The band at 1545 CUI'' cannot be used directly in conjunction with the 1450 cm-l band 
because it has a much smaller absorption coefficient and the ratios are usually con- 
siderably greater than 1. 
LPY and BPY it has different absorption coefficients with '&Y/ELPY = 6 (10). 

The use of the 1490 cm'l band is convenient because for 

The bands at 1620 and 1432 cm'l of chemisorbed ammonia can be used directly 
to estimate the Lewis/Bronsted acid site ratio. 
are: = 7 (9). By these two methods it has been determined that one out 
of ev:g3$ive tNH3, (9)) to 7 (PY, (10)) molecules that are chemisorbed are adsorbed 
as the protonated species for the silica-alumina which was studied comparatively. 
Other silica-aluminas have different Lewis/Bronsted acid site ratios (10) which is 
to be expected since the relative amounts of alunina and methods of preparation vary 
over considerable ranges. 

EFFECT OF WATER ON SURFACE ACIDITY More detailed studies of the adsorption of 
pyridine and ammonia on silica-alumina have exposed some rather interesting behavior. 
When H 0 is adsorbed on chemisorbed pyridine (8) or ammonia (10) containing samples 
most 08 the LPY (LNH However, this 
reaction is reversibfc and the spectrum returns to the original upon evacuation 
(Fig. 2d). 
is removed and no band due to HPY is observed. 
H 0 ,  the same spectrum results but the water is removed by subsequent evacuation 
(ab). Hence, it appears that the H20 molecules interact with the chemisorbed LPY 
and a proton transfer occurs without displacement of LPY. 

The relative absorption coefficients 
/ 5 6  

is converted to BPY (mi)  (Figs. 2b, c). 

During this experiment H20 does not displace pyridine since no pyridine 
If pyridine is added to chemisorbed 

. 
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It is d i f f i c u l t  t o  r a t i o n a l i z e  the  n a t u r e  of t h i s  i n t e r a c t i o n  between water 

and chemisorbed pyr id ine  o r  ammonia. It  is  important  t o  n o t e  t h a t  p y r i d i n e  and water 
In s o l u t i o n  do not  i n t e r a c t  t o  form pyridinium ion  but  merely engage i n  hydrogen 
bonding i n t e r a c t i o n s  (11) .  
t i o n  of one o r  bo th  of t h e  components by t h e  s u r f a c e .  
n i t rogen  conta in ing  base s t a y s  on the  primary a c i d  s i t e  and t h e  w a t e r  p a r t i c i p a t e s  
i n  a secondary i n t e r a c t i o n .  
an e l e c t r o n  t r a n s f e r  i n t e r a c t i o n  from the  lone e l e c t r o n  p a i r  on the-N atom t o  a 
t r i g o n a l  s u r f a c e  aluminum atom leading to  a s u r f a c e  complex of tRe type ( I ) .  

The formation of BPY t h e r e f o r e  must r e s u l t  from a c t i v a -  
The r e s u l t s  sugges t  t h a t  the 

Presumably a d s o r p t i o n  o f  p y r i d i n e  t o  form occurs  by 

$’ 5- +H20 @ fA 

-H20 H’ 

~ 

>N+AL;. ,N-- 

(1) (11) 

I n  t h e  presence of water ,  the  e l e c t r o n  t r a n s f e r  from N t o  s u r f a c e  A1 may be e s s e n t i a l l y  
complete i f  a hydrogen atom from the water is t r a n s f e r r e d  t o  t h e  LPY and the OH r a d i -  
c a l  migra tes  t o  t h e  aluminum atom t o  g i v e  a complex of t y p e  (11). 
would occur  i f  a proton was t r a n s f e r r e d  t o  t h e  p y r i d i n e  and t h e  hydroxyl ion t o  t h e  
t r i g o n a l  aluminum atom. 
s u r f a c e  i n  an ion  p a i r  w i t h  ( SAlOH)’. The only d i f f i c u l t y  w i t h  t h i s  model is t h a t  
t h e  n i t r o g e n  base i s  a p p a r e n t l y  s t r o n g l y  he ld  dur ing  t h i s  i n t e r a c t i o n  (8b)  s i n c e  i t  
does not  desorb upon evacuat ion  whereas t h e  pyridinium i o n  should have some s u r f a c e  
mobi l i ty .  
however, t h e  d a t a  sugges t  t h a t  it is s t r o n g l y  d isp laced  to the r i g h t  s i n c e  most of the  
LPY can be converted t o  BPY. It should be noted t h a t  t h e r e  are no  d a t a  a v a i l a b l e  t o  
i n d i c a t e  whether the added H20 molecules a r e  i n  a 1:l r a t i o  w i t h  t h e  number of LPY 
molecules.  
r i g h t .  

SURFACE ACIDITY MODEL These r e s u l t s  have led us t o  p o s t u l a t e  (8b) t h a t  a l l  of t h e  
a c i d i c  si tes on s i l ica-a lumina  a r e  of t h e  L e w i s  o r  e l e c t r o n  acceptor  type and t h a t  
Bronsted type a c i d i t y  results from a secondary i n t e r a c t i o n  between t h e  molecule 
chemisorbed on the  primary L e w i s  type s i te  and a n  a d j a c e n t  S i O H  group. 
a c t i o n  i s  p i c t u r e d  a s  s i m i l a r  t o  t h a t  between water and chemisorbed LPY. 

The same r e s u l t  

I n  e i t h e r  c a s e  t h e  pyridinium i o n  would then b e  held on t h e  

The real s i t u a t i o n  most l i k e l y  involves  an e q u i l i b r i u m  between (I) and (111, 

I f  t h e  r a t i o  were h igher ,  t h e  e q u i l i b r i u m  would be pushed toward t h e  

This  i n t e r -  

\ I /  

0 s i  
1 ‘\ I 

\ 
r >,A- 0 

*N’’+Alg f I N ?  5 A l f  ’ 5+ 
(IV) 

H 

This  model’s c h i e f  advantage is t h a t  it a l lows  t h e  r a t i o n a l i z a t i o n  o f  e x t e n s i v e  da ta  
i n  t h e  l i t e r a t u r e  v h i c h  h e r e t o f o r e  h a s  been taken as evidence that  s i l i c a - a l u m i n a  
has  predominantly Lewis type s i t e s  o r  converse ly  p r e d o m i n a n t l y a r o n s t e d  s i t e s .  
sugges ts  that a proton is  a v a i l a b l e  i f  needed m e c h a n i s t i c a l l y  such as t o  form a 
classical carbonium ion  from an o l e f i n ,  but is not  n e c e s s a r i l y  involved i n  a l l  acid-  
c a t a l y z e d  r e a c t i o n s  t h a t  proceed over  s i l i ca-a lumina  (9) .  

Spectroscopic  evidence suppor t ing  t h i s  model w i l l  now be considered.  
Fig.  4 a p l o t  of t h e  c o n c e n t r a t i o n  of chemisorbed NH; v e r s u s  t o t a l  ammonia adsorbed 
is g iven .  A s  would be expected the  s l o p e  d e c r e a s e s  a s  the t o t a l  m o u n t  of ammonia 
adsorbed increases .  The i n i t i a l  s lope  is 0.25 which i n d i c a t e s  t h a t  i n i t i a l l y  one . 

(111) 

It 

I n  
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o u t  of every f i v e  ammonia molecules  is chemisorbed as NH+. 
c o n c e n t r a t i o n  of i s o l a t e d  (non-hydrogen bonded) s u r f a c e  hydroxyls ve r sus  t h e  t o t a l  
amount of ammonia adsorbed. For a n a l y s i s  t h e  smooth cu rve  is broken i n t o  two 
l i n e a r  segments. Note t h a t  t h e  i n t e r s e c t i o n  p o i n t  co inc ides  w i t h  t h e  po in t  (Fig.  4 )  
where the i n c r e a s e  i n  (NH+) as t o t a l  ammonia adsorbed i n c r e a s e s  begins  t o  f l  t t e n  
ou t .  The i n v e r s e  s l o p e  04 the low coverage l i n e a r  se e n t  i n  Fig.  5 is 5.5 0.5 
and t h a t  of t h e  high cove rage  l i n e a r  segment i s  0.98 FO.09. Hence, a t  low coverage 
one ou t  of every f ive o r  six chemisorbed ammonia molecules  is  hydrogen bonded t o  a 
s u r f a c e  hydroxyl group. A t  h i g h  coverage every adsorbed ammonia is hydrogen bonded 
t o  a s u r f a c e  hydroxyl group,  which is t y p i c a l  o f  t he  phys ica l  adso rp t ion  of ammonia 
on s i l i c a  gel (no a c i d i c  sites). 
coverage segment corresponds t o  phys i ca l  a d s o r p t i o n  and t h e  low coverage segment t o  
chemisorpt ion.  The c u r v a t u r e  nea r  t h e  t r a n s i t i o n  po in t  is a r e s u l t  of both processes 
occur r ing  s imultaneously.  

F ig .  5 is a p l o t  of the 

It is ev iden t  from t h e s e  r e s u l t s  t h a t  t he  high 

According t o  the p r e d i c t i o n s  of the model [N$]<bH]bonded9 t h a t  i s  t h e  
number o f  chemisorbed a m o n i a  molecules  which a r e  involved in "hydrogen-bonding" 
i n t e r a c t i o n s  w i t h  s u r f a c e  hydroxyl groups should be g r e a t e r  than o r  equal  t o  t h e  
concen t r a t ion  of chemisorbed N H i .  
coverage)  a r e  t h a t  one i n  f i v e  ammonia molecules  is chemisorbed as NH; and one i n  
f i v e  o r  s i x  is hydrogen bonded t o  a s u r f a c e  hydroxyl group, i n  good agreement wi th  t h e  
p r e d i c t i o n .  Furthermore,  it is pred ic t ed  t h a t  hydroxyl groups involved i n  proton 
t r a n s f e r  i n t e r a c t i o n s  w i t h  chemisorbed ammonia molecules  should no t  e x h i b i t  an OH 
s t r e t c h i n g  band, hence a t  low s u r f a c e  coverage where chemisorpt ion predominates the  
i n t e n s i t y  o f  t h e  3050 cm-' band (due t o  t h e  hydrogen-bonded OH s t r e t c h i n g )  should 
i n c r e a s e  a t  a very much lower ra te  than  a t  high coverage where phys ica l  adso rp t ion  
predominates .  Th i s  behavior  i s  ev iden t  i n  Fig.  6 whe e the  peak absorbance o f  t h e  
3745 c m - l  band is p l o t t e d  versus t h a t  of t h e  3050 cm-' band. Th i s  evidence is not  
conc lus ive  however because t h e  OH groups i n  a non-proton t r a n s f e r  i n t e r a c t i o n  w i t h  
chemisorbed molecules may have a d i f f e r e n t  peak frequency and abso rp t ion  c o e f f i c i e n t  
t h a n  those  involved i n  a normal hydrogen-bonding i n t e r a c t i o n  (9). 

The r e s u l t s  i n  Figs .  4 and 5 ( a t  low su r face  

Addit ional  suppor t ing  evidence f o r  t h e  proposed model i s  shown i n  Fig.  7. 
I n  t h i s  experiment the  s i l i ca -a lumina  w a s  poisoned by impregnation w i t h  potassium 
acetate followed by c a l c i n a t i o n .  The presence of a l k a l i  metals i n  a c i d i c  c a t a l y s t s  
is  known t o  p o i  on carbonium i o n  r e a c t i o n s  (13). Fig.  7a shows t h a t  t h e  band due to  
BPY a t  1545 cm-' is a b s e n t ,  hence poisoning w i t h  potassium ions  e l i m i n a t e s  Bronsted 
type  a c i d i t y .  
markedly decreased when s i l i ca -a lumina  i s  poisoned by the  a d d i t i o n  of potassium. 
The hydroxyl groups a r e  l i t t l e  e f f e c t e d .  When water is adsorbed on the  py r id ine  
c o n t a i n i n g  s u r f a c e  the  LPY s p e c i e s  are  converted t o  BPY (Fig .  7b).  Hence the  added 
potassium ions  do no t  p reven t  t h e  conve r s ion  of LPY t o  BPY by adsorbed wa te r .  This  
r e s u l t  is  q u i t e  s u r p r i s i n g .  It e l i m i n a t e s  t h e  s u r f a c e  s p e c i e s  (?AlOH)-H+ a s  t h e  
sou rce  of i nhe ren t  Bronsted a c i d i t y  on a f r e s h  s i l i ca -a lumina  s u r f a c e ,  I f  t h i s  
s p e c i e s  were p resen t  t h e  K+ i o n s  would exchange w i t h  t h e  H+ ions  and r ende r  the  s i t e s  
completely i n a c t i v e .  The f a c t  t h a t  w a t e r  can  s t i l l  conve r t  LPY t o  BPY sugges t s  t h a t  
even though t h e  degree o f  a c t i v a t i o n  of py r id ine  by t h e  a c i d i c  s i t e  i s  decreased (8b) 
t h e  p ro tona t ion  r e a c t i o n  can  s t i l l  proceed i f  t he  proton donor can g e t  c l o s e  enough. 

I t  has been shown (8b) that t h e  s t r e n g t h  of t h e  a c i d i c  s i tes  is 

This  behavior  c a n  be r a t i o n a l i z e d  i n  terms of our model as fo l lows  and 
hence is taken as  i n d i r e c t  suppor t ing  evidence.  S ince  the  r e a c t i o n s  of t h e  LPY-acid 
s i t e  complex and t h e  a d j a c e n t  OH are geomet r i ca l ly  f ixed  a dec rease  i n  t h e  deg ree  of 
act ivat ion of LPY can p reven t  t h e  t r a n s f e r  of a proton.  However, wa te r  molecules  a re  
mobile  and can cane in  very close proximity t o  t h e  complex t o  e f f e c t  proton t r a n s f e r .  
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SUMMARY The r e s u l t s  d i scussed  above demonstrate  t h a t  i n f r a r e d  spec t roscop ic  t ech -  
niques can provide d e t a i l s  of s u r f a c e  chemistry and t h e  n a t u r e  of s u r f a c e  f u n c t i o n a l  
groups.  Spectroscopic  techniques do n o t  p rov ide  t h e  panacea f o r  a l l  c a t a l y t i c  prob- 
lembs, however. 
concluded t h a t  they w i l l  (and do )  c o n s t i t u t e  an important  t o o l  f o r  t h e  c a t a l y t i c  
chemist .  
a s  g rav ime t r i c  adso rp t ion  measurements (used f o r  example t o  o b t a i n  s u r f a c e  concen- 
t r a t i o n s  i n  Figs .  4 and 5 )  and i s o t o p e  exchange techniques.  

They sometimes r a i s e  more q u e s t i o n s  t h a n  they answer. It can be 

They a r e  most e f f e c t i v e  when used i n  con junc t ion  w i t h  o t h e r  techniques such 
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Fig. 2. 
and €L$ on silica-alumina. (a) SA 
exposed to pyridine at 17 mm. and 
l5O.C for 1 hr. followed by evacua- 
tion at 1 5 0 ° C  for 16 hr. (b) Expo- 
s u e  to H$ at 15 mm. and 1 5 0 ° C  for 
1 hr. followed by evacuation at l5O.C 
for 1 hr. 
mm. and 2 5 ° C  for 1 hr. followed by 
evacuation for 1 hr. at 25.c. 
(d) Evacuation for 16 hr. at l5O.C. 

Duaz adsorption of pJnldine 

(c) Exposure to E$ at 1 5  

Fig. 4. A comparison of the concen- 
trations of FlII and NHI++ adsorbed on 
- SA as the to& a m m t  of a~rm~nia 
adsorbed increases. [Aaa le the 
sum of [hi$ and [und. The ver- 
A '-al. Line enotei the point of 
straight line intersection Fn ng. 5. 

Mg. 3 
500'C, e v a c a e d  5 hours at 500°C. 
posed to 10 nun NH3 for 1 hour at l 5 O o C ,  
evacuated 1 hour at 1 5 0 ° C .  
exposed to 10 mm NH3 fo r  1 hour at 25OC, 
evacuated for 1 hour at 25°C. 
quently exposed to 10 unn NH3 for 1 hour, 
no evacuation. 
gaseous 'JH3 have been subtracted. 

(a) SA calcined 16 hours in O2 at 
(b) Ex- 

(c) Subsequently 

(a) Subse- 
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